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Abstract 


The wake characteristics of a rotorcraft are affected by the proximity of a rotor to the ground surface, especially 
during hover. Ground effect is encountered when the rotor disk is within a distance of a few rotor radii above the 
ground surface and results in an increase in thrust for a given power relative to that same power condition with the 
rotor out of ground effect. Although this phenomenon has been highly documented and observed since the 
beginning of the helicopter age, there is still a relatively little amount of flowfield data existing to help understand 
its features. Joint Army and NASA testing was conducted at NASA Langley Research Center using a powered 
rotorcraft model in hover at various rotor heights and thrust conditions in order to contribute to the complete 
outwash data set. The measured data included outwash velocities and directions, rotor loads, fuselage loads, and 
ground pressures. The researchers observed a linear relationship between rotor height and percent download on 
the fuselage, peak mean outwash velocities occurring at radial stations between 1.7 and 1.8 r/R regardless of rotor 
height, and the measurement azimuthal dependence of the outwash profile for a model incorporating a fuselage. 
Comparisons to phase-locked PIV data showed similar contours but a more contracted wake boundary for the PIV 
data. This paper describes the test setup and presents some of the averaged results. 


Nomenclature 


A 

rotor disk area, ft 2 

C P 

rotor power coefficient, P/pA0 3 R 3 

Ct 

rotor thrust coefficient, T/pA0 2 R 2 

Ct/ a 

blade loading coefficient 

DL 

disk loading, lb/ft 2 

GRMS 

General Rotor Model System 

h 

measurement vertical location, ft 

IGE 

in ground effect 

LaRC 

Langley Research Center 

OGE 

out of ground effect 

P 

rotor power, hp 

P 

ground static pressure, lb/ft 2 

PIV 

Particle Image Velocimetry 

R 

rotor radius, ft 

r 

measurement radial location, ft 
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RTC Rotor Test Cell 

T rotor thrust, lb 

Too rotor thrust OGE, lb 

Vh hover induced velocity, LIR^Jc t /2, ft/s 

V r radial outwash velocity, ft/s 

z rotor hub height, ft 

p air density, slug/ft 3 

cp roll angle, deg 

V measurement plane azimuth angle, deg 

O rotor rotational speed, rad/s 

Introduction 

The behavior of the wake of a rotorcraft can be greatly 
influenced by the proximity of the rotor to obstacles that 
disturb the development of the rotor wake or constrain 
the flow into the rotor. The most significant of these 
obstructions is the ground surface. In Ref. 1, Leishman 
states that while the effect commonly referred to as 
ground effect has been observed since the dawn of the 
helicopter age, the aerodynamics governing the rotor 
wake under these conditions are still not fully 
understood. This phenomenon most prominently 
affects rotorcraft operating in hover, but it also 


1 



influences performance during low speed forward flight. 
For rotorcraft hovering close to the ground, the rotor 
slipstream must rapidly expand as it approaches the 
surface, transitioning from the mostly-vertical 
downwash to radial outwash that develops into a radial 
wall jet (Ref. 2). This alters the velocity of the slipstream 
and the induced velocity, which in turn affects the rotor 
thrust and power. A comparison of wake behaviors is 
illustrated in Figure 1. The image on the left (a) shows a 
rotor hovering out of ground effect (OGE), where the 
rotor wake behaves without effect from any outside 
disturbance and displays the natural contraction to the 
far wake region, while the right image (b) depicts a rotor 
hovering at an altitude approximately 2 rotor radii high, 
and thus in ground effect (IGE), and the rotor wake that 
results. 

Much work has been done in the past to investigate the 
behavior of the rotor wake in and out of ground effect. 
Experiments using models with a variety of rotor sizes 
have been conducted, ranging on the order of a few 
inches in radius (both isolated, Ref. 3, and with a 
fuselage, Ref. 4), to more common model rotor radius 
sizes of one to five feet (e.g., Refs. 6-8), to very large 
rotors, such as a 37.5 ft (Ref. 9) or 46 ft (Ref. 10) radius. 
Most of these past tests did not investigate the effect 
that the fuselage had on the behavior of the wake as 
they were either performed using an isolated rotor or 
did not have the capability of removing the decreased 
fuselage download from the measured reduction in 
thrust required as the rotor height was lessened. Flight 
tests have been performed using a number of military 
and civilian airframes to better understand the 
performance effects of operating a rotor close to the 
ground. Many of these flight tests also measured the 
resulting radial outwash velocities close to the ground, 
helping to define the operational environment and 
develop safe working zones for personnel conducting 
operations on the ground nearby. Most of these 
measurements were obtained using traversing arrays of 
pitot probes (Ref. 11), mechanical anemometers (Refs. 
12 and 13) or ultrasonic anemometers (Refs. 14-16). 

There have been several studies that examine the effect 
of impinging jets onto a ground surface, and while 
geared more towards VTOL aircraft with extremely high 
disc loadings, they still display the outwash 
characteristics and the associated wall jet similar to 
rotorcraft. These are notable in that many of the studies 
observed turbulent fluctuations propagating radially 
from the impingement region (Ref. 17) with an almost 
periodic nature at times (Ref. 18). This periodicity was 
discovered to be caused by the formation, coalescence 
and breakdown of roll-up ring vortices (Ref. 19). Also 


observed was the existence of stagnation bubbles in the 
impingement region (Ref. 20) and even 
movement/oscillation of the impingement point, 
occasionally stretching and transitioning into an 
impingement line (Ref. 19). 

In the most ideal case, operating a rotorcraft within the 
ground effect region results in an increase in measured 
thrust for a given power when compared to that same 
power condition out of ground effect (or, conversely, a 
reduction in the power required for a given thrust). This 
thrust augmentation increases in magnitude as the rotor 
height above the ground surface is reduced. Figure 2, 
which builds on Johnson's work in Ref. 21, shows the 
ratio of thrust required at a specific rotor height IGE to 
the corresponding OGE thrust value, plotted against the 
rotor height (which is non-dimensionalized by the rotor 
radius). The experimental data is taken from a variety of 
flight test and model test sources with extensively 
different rotor sizes (Refs. 5-7 and 22-29) and includes 
data from this test effort (referred to as test number 
T613). Also plotted are curves based on empirical 
models developed by Cheeseman and Bennett (Ref. 25), 
Hayden (Ref. 30), Law (Ref. 31) and Zbrozek (Ref. 24). 
This figure shows that there is a significant thrust 
augmentation in hover due to the presence of the 
ground surface for rotor heights around two radii (one 
diameter) and less. Also evident is that the rotor is 
generally considered to be fully OGE at rotor heights of 
at least three rotor radii, although some researchers 
prefer to define OGE as rotor heights above four radii. 
In Harris' book on helicopter performance and design 
(Ref. 32), he comments that very few conventional 
helicopters can experience a rotor height ratio less than 
60% of the radius based on the physical dimensions of 
the aircraft, as the rotor hub is generally at a height of at 
least this magnitude when the aircraft is on the ground 
and not in flight. The IGE behavior can be complicated 
by the angle of the ground surface beneath the aircraft, 
the presence of obstacles in the flowfield, the 
environmental conditions and the flight dynamics during 
the approach to hover. Leishman notes in Ref. 1 that 
observations suggest the magnitude of the effects 
caused by the presence of the ground plane are 
influenced to varying degrees by a number of rotor 
parameters such as the blade loading, aspect ratio, 
solidity, and blade twist and tip shape. Ground effect 
can also impact tail rotor performance a measurable 
amount (Ref. 32). Some of the existing empirical models 
attempt to address the effects of these variables. 

Operationally, the resulting reduction in the power 
required for a given thrust condition allows a helicopter 
to hover IGE at a higher gross weight or density altitude 
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than would be possible under the same conditions OGE. 
It also serves as a sort of cushion that is felt near the 
ground when a helicopter is descending to land (Ref. 1). 
These benefits, however, can lead to overloading 
aircraft such that they can hover initially after takeoff 
but fail to gain altitude once they attempt to ascend 
outside of the IGE region. It should be noted that this 
effect is different from power settling, in which an 
increase in power is required during a descent in order 
to overcome the losses encountered by the wake 
behavior being unable to convect away from the rotor 
(Ref. 1). Another aspect of IGE and OGE hover that has 
been explored very little is the effect that obstacle- 
induced and wind-induced recirculation has on rotor 
performance. The obstacle-induced recirculation aspect 
is particularly important for rotorcraft operating in 
urban environments, not only for military operators, but 
also for civilian operators flying in air ambulance and 
business roles. 

While there have been a number of computational 
models developed to predict the IGE wake behavior for 
both hover and low speed forward flight using vortex 
methods and grid-based computational fluid dynamics, 
there has been relatively little success in accurately 
predicting the rotor performance when compared to 
experimental results, especially in hover (Ref. 1). 
Industry in general tends to optimistically predict the 
hover performance of new aircraft, with the actual 
(reduced) hover capability only realized during flight 
testing (Ref. 32). Observations by personnel operating 
close to a rotorcraft hovering IGE note an unsteady, 
pulsating nature of the resulting outwash and radial wall 
jet that is not at a steady n-per-rev frequency, yet there 
is little experimental data that demonstrates this, 
limiting its adaptation into prediction codes. Also, while 
multiple data sets exist for both full scale and model 
scale tests, they generally lack the broad 
parameterization that is crucial to understanding the 
effects that individual rotor parameters have on the 
rotor wake characteristics. 

The prediction models are used for a number of tasks 
throughout the evolutionary stages of design of a 
rotorcraft. In the initial design stage, a full parametric 
model could be used to predict the rotor performance 
of a design throughout the entire flight regime, both IGE 
and OGE, based on a number of design inputs. Accurate 
prediction models are necessary to determine, in the 
absence of flight testing, if and where safe operating 
locations exist for personnel working underneath the 
aircraft during low-altitude hover. As some of the 
designs of the aircraft that are part of the Army's Future 
Vertical Lift program exhibit relatively high disc loadings, 


these predictions are crucial in determining if 
sufficiently-sized areas of safe operations would exist for 
personnel operating and obstacles located nearby the 
conceptual aircraft. Similar downwash and outwash 
models can also be used for brownout cloud prediction 
methods in order to improve the understanding of the 
degraded visual environment that results from the large 
dust clouds caused by helicopter operations close to the 
ground of an unimproved landing site. In this scenario, 
the high radial flow velocities near the ground can lift up 
loose surface particles, evolving into large dust clouds 
(or snow clouds if in an arctic environment) that can 
obscure a pilot's vision and cause spatial disorientation 
that can potentially lead to loss of the aircraft and/or 
passengers (Ref. 33). These brownout prediction 
models depend on an accurate representation of the 
rotor flowfield and wake characteristics throughout the 
OGE and IGE regions in order to reasonably predict the 
key features of the resulting cloud, such as its size, 
shape, and growth rate. 

Test Description 

Joint U.S. Army and NASA testing was conducted at 
NASA Langley Research Center (LaRC) in order to 
address the knowledge deficiency that exists regarding 
rotor outwash IGE. The data presented in this paper 
were gathered during the first and second phases of a 
broader test effort that is planned to occur over multiple 
test entries. The first phase was test number T589 and 
took place in 2011, and the second entry was test 
number T613 and occurred in 2014. Both tests were 
performed using a model of a generic transport fuselage 
coupled with a rotor that was relatively large compared 
to the majority of historical downwash/outwash tests 
that have been conducted using a rotor model. A 
number of different experimental measurement 
techniques were performed throughout the duration of 
the tests, primarily in an effort to quantify the outwash 
velocities at various heights and radial locations around 
the ground plane for different hover conditions. Also 
measured were pressures on the ground plane and 
fuselage download values. While some data from T589 
will be included, the focus of this paper will be the 
outwash results obtained during T613. 

Description of the Model 

The testing was conducted in NASA LaRC's Rotor Test 
Cell (RTC), a large chamber measuring 40 ft wide, 68 ft 
long and 43 ft tall that is part of the 14- by 22-Foot 
Subsonic Tunnel facility. The test used the Army's 
General Rotor Model System (GRMS), a rotor drive 
system that is able to be fully contained within a 
fuselage. As described by Murrill (Ref. 34), the system 
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uses two 75 hp (55.9 kW) water-cooled electric motors 
capable of driving a rotor with a diameter up to 13.1 ft. 
By design, the GRMS dynamically decouples the model 
support hardware from the rotor drive system through 
the use of pitch and roll spring-damper systems, which 
lowers the possibility of encountering ground resonance 
during testing. Two internal six-component strain gauge 
force and moment balances enable the independent 
measurement of rotor and fuselage aerodynamic loads, 
a measurement that cannot be made during flight 
testing. Specifically, NASA's MK XXXA balance was used 
to measure rotor loads during both tests, while the 748 
and 1630B balances were used to measure the fuselage 
loads during T589 and T613, respectively. The balance 
specifications are given in Table 1. 

The GRMS was installed using a sting-mounted 
configuration, employing a dogleg adapter that was 
enclosed in the fuselage to attach to a long support 
sting. The sting was mounted in a cantilevered manner 
to the movable mast installed in a facility model cart. 
The distance from the center of the mast to the rotor 
hub center was approximately 29 ft (5.25/?). The model 
cart was powered such that the vertical mast supporting 
the sting could raise, lower and pitch, permitting non- 
dimensional rotor height values between 0.872 and 
2.093 z/R to be achieved while holding the rotor disk 
parallel to the surface. During T613, the sting included 
a roll adapter that enabled the entire model to roll and 
was the first time in this facility that a rotorcraft model 
had been used in conjunction with this adapter. Given 
that this was a new setup, extensive forced vibration 
testing was performed prior to the rotor testing to 
ensure ground resonance frequencies would be 
avoided. 

A four-bladed fully articulated hub with a 5.54 ft rotor 
radius (/?) was used for this test. The rotor was operated 
at 1150 RPM, giving a tip velocity of 667 ft/s (Mach 0.58), 
similar to that of a full scale rotorcraft. The blades 
possessed -14° of linear twist and represented an 
advanced, modern rotor using RC-series airfoils. 
Additional details on the rotor can be found in Refs. 35 
and 36. The fuselage shell was the NASA ROBIN-Mod7 
fuselage, an analytically-defined helicopter fuselage 
model that has been used in numerous prior tests and is 
meant to represent a generic transport aircraft. Greater 
detail of the fuselage geometry can be found in the 
publications by Schaeffler et al. (Refs. 37 and 38). 

A second model cart centered laterally under the model 
rotor hub was utilized as the ground plane. 
Longitudinally, the rotor hub was located closer towards 
the rear edge in order to align the blade at an azimuth 


of 270° with a window inset in the cart used for 
obtaining pressure sensitive paint measurements on the 
blade. The cart had a surface measuring approximately 
20.0 ft (3.61 R) long and 21.33 ft (3.85/?) wide, and the 
lengthwise distance between the center of the rotor and 
the front edge (at the 180° azimuth) was 10.75 ft 
(1.94/?). A diagram of the test setup in the RTC is 
presented in Figure 3, while Figure 4 shows an image of 
the test setup with the model at a rotor height of 1.14 
z/R. 

Description of the Testing 

A joint NASA and U.S. Army test group worked 
collectively throughout the duration of the tests in order 
to complete the test objectives. The first entry, T589, 
involved Particle Image Velocimetry (PIV) and pressure 
sensitive paint measurements as well as fluorescent oil 
flow visualization on the ground plane. The majority of 
T613 involved the measurement of the rotor outwash 
velocity profile using a rake consisting of nine multi-hole 
pitot-static probes mounted in an aerodynamic fairing 
and installed on a remotely-operated traverse. A 
photograph of this technique is provided in Figure 5. 
The probes were conventional, straight, seven-hole 
probes and were calibrated by the manufacturer. Per 
the manufacturer's specifications, the average angular 
accuracy is less than one degree, the average velocity 
accuracy is ±3.28 ft/s, and the probes have a 70° cone of 
acceptance from the probe tip. The nine instruments 
were distributed vertically along the rake and were 
more finely spaced along the lower half of the rake 
where it was expected that the maximum flow velocities 
would occur. Actual probe locations were at vertical 
heights ( h ) of 0.042, 0.094, 0.26, 0.43, 0.59, 0.76, 1.09, 
1.43, and 1.93 ft, or non-dimensionalized using the rotor 
radius (h/R), at heights of 0.0075, 0.017, 0.047, 0.077, 
0.107, 0.137, 0.197, 0.258, and 0.348. Each of the seven 
ports on the probes were plumbed to miniature 
piezoresistive unsteady pressure transducers to enable 
dynamic measurement capability so that unsteady flow 
behaviors in the outwash and well jet region could be 
measured along with the means. An unsteady 
calibration was used to quantify the effect that the short 
section of tubing had on the transducer frequency 
response. 

A row of piezoresistive unsteady pressure transducers 
were installed in the surface of the ground plane to 
record static and dynamic ground pressures along the 
surface. These were installed along the 270° azimuthal 
[ip) line every 0.25 r/R, with a total of eight transducers 
installed from 0 r/R to 1.75 r/R. These locations are 
shown in Figure 3 as the blue circles. 
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A variety of traverse survey schedules were used for the 
different traverse azimuth locations, rotor heights and 
thrust conditions. Thrust was held with an average 
standard deviation of 0.61% of the target thrust value, 
while the rotor height was held with an average 
standard deviation of 0.07% of the target. Four total 
thrust conditions were utilized throughout the test, 
although not all thrust and rotor height combinations 
were tested. A summary of the thrust coefficients ( Ct ) 
used during this testing and the respective values of the 
blade loading coefficient ( Ct/o ) and the rotor disk 
loading (DL) is shown in Table 2. The test matrix for T613 
is given in Table 3, while Table 4 gives the specifics for 
the different traverse survey schedules. Initially, the 
measurements were taken at radial locations from 0 
(directly under the rotor center) out to 1.6 r/R, generally 
with 0.1 r/R spacing (Schedule A). Measurements at 0 
and 0.25 r/R were not taken for the lowest rotor height 
due to clearance issues underneath the fuselage 
(Schedule 6), and some runs at 270° azimuth stopped at 
an r/R of 1.5 before it was determined that the traverse 
could safely go to 1.6 (Schedule C). Some higher 
resolution runs were performed taking measurements 
at more radial stations, with Schedule D taking data 
every 0.05 r/R from 0.5 to 1.6 r/R, while Schedules E and 
F (for the lowest hover height) were more resolved only 
from 0.7 to 1.3 r/R, which was generally where the 
highest velocities and forces were observed. A few 
variations of Schedule D were performed with the probe 
rake raised a small margin (1 to 2.9 in) and/or inverted 
(resulting in the more refined probe region being 
located on the top half of the rake) in order to 
investigate the outwash region for one specific thrust 
and rotor height condition more thoroughly. Although 
measurements were taken directly underneath the 
rotor disk with the probe rake, these will not be 
presented as the flow vectors at radial stations less than 
1.0/? were likely outside of the 70° cone of acceptance of 
the probes and thus not an accurate representation of 
the flow for those locations. 

A ground plane extension was added to the front of the 
cart [ip = 180°) midway through T613 in order to 
measure the outwash at a radial location farther out 
than 1.6 r/R, a location at which the wall jet is still 
developing. This extension allowed the rotor outwash 
to develop out to a radial location of approximately 2.66 
r/R, and is shown in the diagram in Figure 3. A 
photograph showing the extension can be seen in Figure 
6, with the extension identifiable as the lighter part of 
the ground plane (prior to being painted) in front of the 
model. Using this cart extension, Schedules G and H 
were able to take measurements out to 2.6 r/R with the 


former starting at 1.0 r/R and taking data with a spacing 
of around 0.1 r/R, and the latter starting at 1.25 r/R and 
taking data with a spacing of 0.05 r/R. According to 
Bradshaw's work with an impinging jet (Ref. 17), the wall 
jet is typically not fully developed until a radial station of 
3.2 R (referenced against the radius of the jet at 
impingement and not at its virtual origin) with only slight 
changes in the velocity profile beyond that distance. 

Results and Discussion 

The recorded data included the outwash velocities and 
directions (duringT613) as well as balance data, fuselage 
static pressures, motor parameters, rotor parameters, 
operating temperatures, and a number of other key 
values. The outwash velocity profile data were obtained 
from a total of 75 individual runs and over 1300 static 
and dynamic data points during T613. The static data 
points are the mean values taken from a thirty second 
record, during which the rotor underwent 575 
revolutions. While dynamic outwash data was obtained, 
it will not be presented in this paper, and the focus is on 
the mean data obtained during T613. 

Thrust Augmentation 

The thrust augmentation gained from operating a 
rotorcraft within ground effect has historically been 
shown by plotting the thrust (T) normalized by the OGE 
thrust value (71 o) versus rotor height. This also helps to 
determine the boundary between IGE and OGE, which 
has generally been accepted as being between three and 
four rotor radii from the ground surface to the rotor hub. 

Figure 2 illustrates this thrust augmentation, presenting 
data from a number of model tests and flight tests 
(shown as the various symbols, from Refs. 5-7 and 22- 
29) and empirical models based on experimental data 
(solid lines, from Refs. 24-25 and 30-31). The orange 
diamonds indicate the results from the current test 
effort, T613. As described earlier, ground effect causes 
a change in the power required for a given rotor thrust 
with a change in rotor height. However, throughout the 
duration of this testing, Ct was matched between runs 
at the different rotor heights instead of the power 
coefficient (Cp). Thus, in order to determine the thrust 
augmentation at different rotor heights, a second-order 
polynomial fit was applied to the data at each rotor 
height to solve for Ct as a function of Cp. All of the curve 
fits have an average R 2 value of 0.9999 and were used in 
conjunction with the OGE data from T589 (OGE data was 
not obtained during T613) in order to populate the T613 
points in Figure 2. Note that these points fall under all 
four of the prediction curves, except for some of the 
points at the highest rotor height. Many of the data 
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points are under the 1.0 limit of augmentation 
(especially at higher values of Cp and rotor height), which 
would incorrectly indicate slight performance gains due 
to being OGE. It is expected that this is a result of using 
data from T589 for the OGE values as the tests were 
separated by a time period of more than three years, 
during which some slight changes were made to the 
GRMS and setup. 

Static Ground Pressures 

Figure 7 shows the static ground pressures (p), 
normalized by DL, versus the non-dimensional radial 
measurement location ( r/R ) for different height ratios 
and thrust conditions. These are compared to historical 
data taken from Fradenburgh at multiple height ratios 
and a single thrust condition (Ref. 6) and Bolanovich at a 
single height ratio and thrust condition but two different 
measurement azimuths (Ref. 9). It is worth noting that 
Fradenburgh's measurements were taken using an 
untwisted 2-bladed rotor with a radius of 1 ft, while 
Bolanovich's measurements were obtained using a full 
scale 3-bladed rotor with a 37.5 ft radius and blade twist 
of -8°. Both of these rotors were isolated, although 
Bolanovich's large whirlstand was located directly 
underneath the rotor, and no indication is given as to 
how tightly spaced the static pressure measurements 
were taken. 

Regardless of rotor thrust or height, the pressure ratio 
(p/DL) peaks at a value underneath the rotor disk 
between 0.6 and 0.8 r//?fortheT613 data. Fradenburgh 
found similar peaks occurring just shy of the rotor disk 
edge, while Bolanovich's curves show multiple peaks 
underneath the disk beginning around 0.5 r/R. All 
measurements aside from the curve at ip = 0° from Ref. 
9 show that the pressure ratio approaches 0 at a radial 
station outboard of 1.75. The low thrust curves from 
T613 show a much larger effect of rotor height on the 
behavior of the curve, especially for heights of 1.79 and 
2.09, than the high thrust condition. 

True comparison to the results from Fradenburgh and 
Bolanovich is difficult to make since the hover conditions 
(rotor height and thrust) differ, but the most similar 
cases are the Fradenburgh curves at height ratios of 1.0 
and 2.0 z/R and 0.007 Ct and the T613 runs at 0.006 Ct. 
The curves from the T613 data are similar in nature to 
the Fradenburgh curves, although there are some 
differences. The radial location of the peak static 
pressure ratio moves gradually outward as the rotor 
height ratio increases for Fradenburgh's data (from 0.8 
r/R at the low height to 0.9 r/R at the highest height) but 
the T613 data displays the reverse trend for the low 
thrust condition with the peak location moving inward 


with an increase in rotor height. This could be due to 
the resolution of the measurements, as pressure taps 
were only installed every 0.25 r/R, and with the peaks 
indicated at 0.5 r/R for the case at 2.09 z/R and 0.75 r/R 
for the other two heights, it is likely that the true peak 
falls somewhere within the region between 0.5 and 0.75 
r/R. For the high thrust condition, the peak remains 
constant at 0.75 r/R, but again is dependent on the 
resolution of the measurement location. Both sets of 
curves from the T613 data show that the peak 
magnitude increases with increasing height, which is 
again counter to what the data from Fradenburgh 
indicates. 

Also observable in Fradenburgh's data is that for low 
rotor heights under 1.0 z/R, there is a region of negative 
pressure on the surface directly underneath the rotor 
hub center. Reference 6 indicates that this region is 
likely due to the presence of a strong vortex on the 
vertical centerline and that it was unknown if the 
presence of a fuselage or other object underneath the 
rotor would eliminate this trend. While the setup for 
T589 and T613 included a fuselage, the dimensions only 
permitted testing down to a rotor height of 0.872 R, and 
the rotor heights in Ref. 6 that display this negative 
pressure (0.5/? and 0.2 R) are highly unlikely to be 
encountered by actual rotorcraft (Ref. 32). The T613 
static pressure data was furthermore only obtained 
down to a height of 1.5 z/R, so all observed pressures 
underneath the hub center were positive. 

Fuselage Download 

Figure 8 shows the average fuselage percent download 
values versus the rotor height ratio z/R for cases from 
T589 and T613. At 0° pitch and roll, a positive download 
is acting on the fuselage opposite of the rotor lift vector. 
The percent download is calculated from dividing the 
download by the total lift, which is approximately the 
download subtracted from the rotor thrust. Each point 
on the plot represents the average from several static 
data points for multiple runs at each specific rotor 
height/thrust combination. The use of the percent 
download normalizes the data for small variations in Ct. 
The vertical error bars shown for each point indicate the 
maximum and minimum static readings for the 
respective measurement during the runs at each 
condition (around 15 points), and are not the maximum 
and minimum readings from dynamic data during a 
single dynamic data point. With a lower normal force 
range and increased accuracy for the 748 balance used 
in T589 versus the 1630B balance used in T613 (see 
Table 1), there is greater uncertainty in the download 
data obtained during the most recent test, evidenced by 
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the relative size of the error bars for the different tests, 
especially at the higher rotor heights. 

The relatively linear relationship between rotor height 
and fuselage download can be observed, and the 
gradient is slightly less steep as the thrust is increased. 
Note that, as these are percent download values, the 
figure is not indicating that the actual download values 
are decreased for the increasing thrust values, but that 
the magnitude of the download relative to the increased 
lift decreases as thrust is increased. A fascinating 
observation is the existence of negative percent 
download values at the lowest rotor height for the T613 
data for both thrust conditions, which indicates a total 
lifting force acting on the fuselage at this height. This 
could be due to the fountain effect that occurs from the 
recirculation underneath the fuselage at low hover 
heights, although further investigation of the flow 
characteristics in this region are required for certainty. 
Also observable are the differences between the 
individual tests as T589 shows marginally higher 
measured percent download values for the same rotor 
thrusts. 

Mean Outwash Velocities 

The primary goal of this downwash/outwash test effort 
during T613 was to measure the outwash velocity ( V r ) 
profiles at different radial ( r/R ) and azimuthal [ip) 
locations for various hover conditions. This section 
presents some of the mean outwash velocities that were 
measured and discusses the effects that different 
parametric changes of the model have on the outwash 
behavior. 

Effect of Rotor Height 

A comparison of the radial outwash velocity data at five 
different rotor heights is presented in Figure 9, with the 
measurements taken at an azimuth of 180° and with the 
ground extension in place. The velocity has been non- 
dimensionalized using the average hover inflow velocity 
Vh, calculated from momentum theory assuming a 
uniform inflow and the averaged rotor thrust conditions 
during the associated runs. Non-dimensionalizing the 
data this way has been done in past outwash 
measurement tests (e.g., Refs. 3 and 39) and enables 
more direct comparisons to other model tests and flight 
tests to be made. 

Evident in these plots is that the maximum velocities in 
the wall jet are nearly twice the hover inflow velocities 
at the lowest rotor height. In Ref. 3, in which the 
researchers used PIV to observe the wake of a small- 
scale (0.282 ft radius) rotor, at a rotor height of 1.0 z/R, 
the maximum average outwash velocities exceeded 2 Vh 


at a radial station around 1.5 r/R. Flight test data from 
Harris et al. on the CH-53E, obtained using multi-axis 
ultrasonic anemometers, also showed maximum 
average outwash velocities at the same conditions 
(rotor height of 1.0/? and radial station of 1.5 r/R) around 
2.1 Vh, regardless of thrust (Ref. 14). However, again 
using anemometers, maximum average measured 
outwash velocities at 1.0 z/R and 1.5 r/R were 1.9 Vh for 
the HH-60H (Ref. 40) and V- 22 (radially outboard parallel 
to the wing, Ref. 41), and around 1.7 Vh for the CH-47D 
(Ref. 16). 

Also observable is the high-velocity region in the wall jet, 
especially at the lowest rotor heights, visible as the 
orange pocket extending to a maximum height around 
0.15 h/R at 1.5 r/R (for the 0.87 z/R case). By around 
1.75 r/R, all of the velocity vectors are parallel to the 
ground surface for all rotor heights, and slightly more 
inboard as the rotor height increases. The high-velocity 
region in the wall jet is proportionally taller at the lower 
rotor heights, and by a rotor height of 2.09 R, the high- 
velocity region has largely dissipated. Notable is the 
area of quiescent flow outside of the boundary of the 
rotor wake and its changes with rotor height. This is 
visible as the blue, zero radial velocity region on the top 
of each plot. The rotor wake is more contracted at the 
lower rotor heights and expands as the rotor height is 
increased. 

The related outwash velocity profiles with velocities 
non-dimensionalized are shown in Figure 10, with the 
symbols indicating the heights at which the 
measurements were taken. Apparent in this figure is 
that the shape of the velocity profile of the wall jet 
varies, as inboard the profile is almost uniform vertically 
for all rotor heights. By 1.25 r/R, however, the profile 
transitions to have a high-velocity region, which is itself 
almost uniform, spanning to a height of 0.15/?. The peak 
velocity gradually increases, and the maximum velocity 
occurs around a radial station between 1.7 and 1.8 r/R 
regardless of rotor height. The low rotor heights tend to 
have the peak velocity concentrated low to the ground 
at a height of about 0.02/?, while the highest rotor height 
displays peak velocities higher up, closer to 0.08/?. This 
is important as the vertical location of the peak force, 
and not solely its magnitude, affects the response of 
personnel operating within the vicinity of outwash (Ref. 
14) as this location affects the strength of the 
overturning moment. The velocity trend is reversed 
above 0.15 R for radial stations outboard of 1.25 R, with 
the higher rotor heights having greater outwash 
velocities than the lower heights. Therefore, even 
though the forces decrease as the rotor height is 
increased, the ease of working within the outwash could 
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be more difficult at the higher rotor heights than the 
lower ones, depending on the resulting outwash velocity 
profile. 

Effect of Rotor Thrust 

Shown in Figure 11 is a comparison of the mean radial 
outwash velocities and vectors at three different rotor 
thrust coefficients (0.006, 0.008 and 0.009) at a constant 
rotor height of 1.140/?. The velocities were again taken 
at an azimuth of 180° and are presented in engineering 
units of ft/s without being non-dimensionalized, as 
doing so minimizes the thrust dependency on the 
plotted velocities. 

The direct comparison of rotor thrusts makes clear the 
interdependence of rotor thrust on the wall jet velocity 
profile. However, the thrust does not significantly affect 
the height or shape of the rotor wake as all three thrust 
conditions share a similar wake boundary shape, with 
the quiescent region moved slightly inboard as the 
thrust decreases. The thrust does affect the duration of 
the high-velocity area inside the wall jet. For the low 
thrust case, the wall jet is fully developed and has 
reached a constant velocity with respect to height above 
the surface by the final measurement location at 2.6 r/R. 
However, for the higher thrust conditions, the region 
with high velocities inside the wall jet continues farther 
out past the 2.6 r/R station, although the velocities in 
this region are decreasing. 

Effect of Measurement Azimuth 

A comparison of the mean radial non-dimensionalized 
outwash velocities and velocity vectors at different 
azimuthal locations is shown in Figure 12 for the rotor at 
1.140/? and at a Ct of 0.008, while Figure 13 shows the 
related non-dimensionalized velocity profiles at select 
radial stations. These measurements were taken 
without using the extension to the ground plane, as that 
would have permitted measurements at radial stations 
past 1.60 r/R only at the 180° and 210° azimuths. 
Examining the figures, the outwash measurements at 
the 180° and 210° display similar behaviors. Comparing 
the contours for these two azimuths, the high-velocity 
region in the wall jet has a distinct vertical formation at 
1.25 r/R and height of about 0.1/? at 1.6 r/R. The velocity 
contours fall very near to one another for all radial 
measurement locations. 

Progressing around the rotor azimuth, the rotor wash at 
the four planes evaluated between 240° and 330° 
exhibit comparable behaviors. The start of the high- 
velocity region is more wedge-shaped, starting to form 
around 1.15 r/R, and also has a higher thickness at 1.6 
r/R, extending up close to 0.15/?. The reduced strength 


of the mean outwash for the azimuths extending over 
the nose of the model is likely due to the presence of the 
fuselage, as the region from 240° to 330° has roughly 
only the root cutout section of the rotor disk directly 
above the fuselage. Visible at radial stations past, and 
including, 1.2 r/R, the velocity profiles in this region tend 
to agree well with one another. At 1.2 r/R, the velocity 
peaks around 1.5 Vh at a height of 0.2/?, reaching a 
maximum velocity of 1.8V h at 1.6 r/R with the height 
dropping to around 0.1/?. At 360° 0, the rotor wake 
boundary is much more contracted than at the other 
measurement azimuths. Correspondingly, the velocity 
profiles also show some contraction as the peak 
velocities are located at a lower height than for the 
other azimuths. This azimuth directly under the tail and 
sting shows a higher peak velocity, approaching 1.9 l//i at 
the 1.6 r/R station and close to 0.02 h/R. As discussed 
earlier, the wall jet is still developing at 1.6 r/R with the 
maximum velocities experienced around 1.7 r/R (at 180° 
azimuth), so comparisons regarding the true peak 
velocity values and radial locations of these cannot be 
made. 

This seems to concur with past results, as historical flight 
tests of a single main rotor airframe have indeed shown 
an azimuthal dependence on the outwash 
characteristics (e.g., Refs. 14-16), while isolated rotor 
tests have not investigated the change in wake with 
respect to the measurement azimuth. However, 
Donaldson et al. did observe that for an isolated jet 
impinging on a surface, there was a lack of any 
significant dependence of the azimuth on the behavior 
of the wall jet, which they attributed to being a result of 
the turbulent mixing that governs the flow (Ref. 42). The 
azimuthal dependence likely arises, or is at least 
amplified, by the presence of the fuselage in the 
downwash and should be investigated further either 
experimentally or computationally. 

Effect of Model Roll Angle 

Figure 14 presents the mean radial non-dimensionalized 
outwash velocities and velocity vectors at a constant 
rotor hub height of 1.140/? and azimuth measurement 
location of 270° for different model roll angles [cp). 
Figure 15 shows the corresponding non-dimensionalized 
velocity profiles at select radial locations. Positive roll 
indicates a clockwise angle from the pilot's perspective, 
so at 270° azimuth the rotor tip would be higher for 
positive roll and lower for negative roll. For comparison 
purposes, results from a single case at a rotor height of 
0.965 R and 0° roll are included. This is the height at 
which the location of the rotortip at 270° azimuth would 
be the same as that for a roll angle of -10° at rotor height 
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of 1.140/? when considering the blade coning angle. 
Given that the measurements were taken at an azimuth 
of 270°, the ground plane extension was not utilized for 
this investigation. 

At -10° roll, the rotor wash is more contracted with a 
wake boundary height around 0.27 R at 1.6 r/R, much 
lower than the level case at the same rotor hub height 
(0.32 R) and close to the level case at the same rotor tip 
height (0.29 R). The high-velocity region of the wall jet is 
correspondingly moved much farther inboard and 
shaped differently, forming with a sharp edge around 
1.05 r/R as opposed to having an angled edge with a 
formation beginning around 1.2 r/R for the level cases 
(at both 0.965 and 1.140 z/R). The high-velocity region 
is also more contracted, having a lower maximum height 
than the level cases. The peak average velocity is 
reached farther inboard as well, occurring around 1.5 
r/R versus around 1.7 r/R for the level case, although the 
latter was at 180° azimuth (Figure 10). 

Working the other direction, at positive 10° roll, the 
high-velocity region begins forming around 1.5 r/R, 
much farther out than for the same condition at a level 
hover. The observable maximum velocities at this 
positive roll angle are significantly lower when 
compared to the same condition at a level hover in the 
limited region of measurement. Velocities peak at 
approximately 1.614, at a radial station of 1.6 r/R and 
height of 0.12 h/R for the 10° rolled case versus the same 
values of 1.814, at 1.6 r/R and height of 0.05 h/R for the 
level case. At 270° azimuth, the rotor tip is at a height 
of approximately 1.3 h/R when taking the coning angle 
into account. With the linearity of the rotor wash 
behavior for rotor heights above 0.75 R, one would 
expect the outwash behavior to fall between that for 
rotor heights of 1.14 and 1.5 z/R if rolling the model only 
had the effect of essentially changing the rotor height at 
a specific azimuth. Looking back at Figure 9 and Figure 
10 (although at 180°), this would have the high-velocity 
region forming with a vertical edge around 1.25 r/R for 
a comparable rotor tip height. 

The effect of the roll angle was also investigated at the 
lowest rotor height of 0.872/?. Shown in Figure 16 are 
the non-dimensionalized velocity contours and 
associated velocity vectors at 270° ip for different model 
roll angles. Again visible for the negative roll is the 
stronger contraction of the rotor wake, with the 
boundary more than 30% lower at 1.6 r/R when 
compared to the no roll case, and the movement 
inboard of the high-velocity region. Figure 17 shows the 
related velocity profiles for these three cases. While the 
maximum velocities for the -10° and 0° cases are similar 


(around 1.9514,), the -10° case peaks earlier (at 1.5 r/R) 
and has a much shallower profile arising from the 
contraction. The wall jet for the 10° case is not fully 
developed by the last radial measurement station of 1.6 
r/R. The rotor tip at a 270° azimuth for -10° roll, with 
flapping accounted for, is at a height of approximately 
0.7 h/R. It is interesting to note that decreased wall jet 
velocities observed in Ref. 3 for heights below 0.75 z/R 
do not appear to apply when only part of the rotor disk 
is below that threshold. This investigation demonstrates 
that roll does not simply simulate a change in the rotor 
height for a given azimuthal location, but also introduces 
a contraction/expansion in the wall jet depending on roll 
direction and region of interest, leading to lower 
maximum velocities located more outboard for positive 
roll and higher maximum velocities located farther 
inboard for negative roll. 

PIV Comparison of Mean Outwash Velocity 
Particle Image Velocimetry data was obtained by 
researchers from LaRC's Flow Physics and Control 
Branch and Advanced Measurements and Data Systems 
Branch during T589. The data presented was taken at a 
rotor height of roughly 1.14/? and average Ct of 0.008, 
and the region of interest was in the 270° azimuthal 
plane from 0.9 to 1.9 r/R at heights up to 0.35/?. Data 
from a height of OR to 0.02 R has not been included due 
to flare off of the model cart affecting the results 
obtained close to the surface. The PIV data presented 
was averaged from seven sets of 100 image pairs, taken 
with the rotor phase locked at a rotor azimuth of 295° 
and using a pulse separation of 100 ps. 

Figure 18 presents a comparison of the mean outwash 
velocities (again non-dimensionalized by 14,) obtained 
from PIV (shown at the top) to numerous data sets 
gathered using the multi-hole probe rake at similar 
conditions, with the first set at 270° azimuth for a direct 
comparison and the last two sets at 180° azimuth for 
comparison to a wider radial station. Figure 19 shows 
the mean non-dimensionalized velocity profiles at 
different radial locations for the PIV and probe rake data 
acquired at the same measurement azimuthal location. 
It should be noted that two artifacts appear in the PIV 
contour (one on the boundary of the high-velocity 
region at approximately 1.6 r/R and the other near the 
surface at 1.9 r/R) are due to the laser light being 
scattered off of an object in the background. This is also 
what causes the sharp discontinuity in the velocity 
profile for 1.6 r/R around a height of 0.14/? in Figure 19. 
While the measurements taken using the different 
techniques show similar features and overall behavior, 
there are some dissimilarities that appear, These should 


9 



be expected given that the PIV data was obtained with 
the rotor phase locked, whereas the probe rake data 
was averaged over all rotor azimuths during 575 rotor 
revolutions. 

Comparing the PIV data to the probe rake data at 270°, 
the PIV phase-locked data show a much more 
contracted wake boundary and an earlier formation of 
the high-velocity region. At 1.6 r/R, the farthest 
outboard measurement obtained using the probe rake 
at 270°, the rotor wake boundary exists around 0.3 R 
high, whereas the PIV displays the same boundary at 

0.24 R. PIV shows the formation of the high-velocity 
region occurring more inboard, with velocities around 
1.51 /h beginning near 1.1 r/R 0.2 R high, while these 
velocities appear about 1.25 r/R for the probe rake data. 
The maximum velocities in the PIV data appear to be 
higher for the same radial station when compared to the 
mean probe rake data, with velocities approaching 
1.951 /h, while the probe rake data show maximum 
velocities around 1.8 Vh. The height location of the peak 
velocity varies, as the greater contraction shown by the 
PIV data causes the peak velocity to occur at a lower 
height. 

A direct comparison of the PIV data at 270° azimuth to 
the probe rake data at 180° is more difficult to make. As 
was noted previously, there appears to be an azimuthal 
dependence on the rotor wake due to fuselage 
interference, so it should be expected that the PIV data 
from 270° would exhibit features that are slightly 
different than those for velocity measurements taken at 
180° in addition to the differences already described. 
The PIV data shows that the high-velocity region at 1.9 
r/R is approximately 50% of the total wall jet thickness, 
while both cases from the probe rake data at 180° 
azimuth show a proportionally shallower high-velocity 
region at the same radial station, which is about 30% of 
the total thickness. 

Summary and Conclusions 

A comprehensive characterization of the outwash of a 
model scale rotorcraft in hover was conducted during 
joint U.S. Army and NASA testing at NASA LaRC's 14- by 
22-Foot Subsonic Facility's RTC over the course of two 
entries that are part of a broader test effort. Velocity 
profiles were measured at various azimuthal and radial 
locations with the model at different heights, thrust 
conditions, and roll angles and included both mean and 
dynamic data, while only the mean data is presented in 
this paper. Other key operating parameters and 
measurements such as rotor and fuselage aerodynamic 


loads and ground static pressures were recorded as well. 

The following can be concluded from this work: 

1. Static ground pressures were obtained for the three 
highest rotor heights and showed static pressure 
peaks underneath the rotor disk between 0.6 and 
0.8 r/R, agreeing with past measurements by 
Fradenburgh under similar conditions (Ref. 6). 

2. Fuselage download measurements from T589 and 
T613 indicated a linear relationship between rotor 
height and fuselage download for both the high and 
low thrust cases. At the lowest rotor height and 
regardless of thrust, there is a total lifting force 
acting on the fuselage, possibly as a result of the 
fountain effect in the recirculation region, although 
more detailed flow measurements are required to 
be certain. 

3. The expected dependence of the outwash wall jet 
velocity from the rotor height was observed. The 
formation location of the high-velocity region in the 
wall jet moved farther outboard as rotor height 
increased. Peak mean velocities occurred at radial 
stations between 1.7 and 1.8 r/R. At radial stations 
1.5 r/R and outboard, all rotor heights have 
matching outwash velocities approximately 0.15 R 
high. Maximum non-dimensionalized velocities 
with respect to Vh approach 2.0. 

4. Thrust does not appear to affect the location of the 
IGE rotor far wake boundary, unlike rotor height, 
but does affect the extent of the high-velocity 
region inside the wall jet. 

5. Comparison of outwash profiles taken at different 
azimuthal locations showed that, while similar in 
nature, there was an observable difference in mean 
profiles for azimuthal locations extending over the 
fuselage compared to those extending from the side 
of the model. Given that past tests have shown a 
lack of azimuthal dependence for isolated rotors 
and impinging jets, this is likely due to the presence 
of the fuselage. 

6. Rolling the model changed the shape of the high- 
velocity formation region and depending on roll 
direction either contracted or expanded the rotor 
wake boundary. The roll investigation showed that 
rolling did not simply simulate a change in rotor hub 
height for a given rotor azimuthal location. 

7. Comparisons to PIV data acquired during T589 were 
made and indicate some differences in the rotor 
wake shape and wall jet velocity profile. The phase- 
locked wake boundary is much more contracted for 
the PIV measurements and displays a higher- 
velocity wall jet for the same radial station. 
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Appendix: Tables and Figures 

Table 1. Fuselage and rotor balance specifications. 




Rotor 

Fuselage 



MK XXX A 

748 (T589) 

1630B (T613) 

Normal Force (lb) 


1,500 

1,800 

3,000 

Side Force (lb) 


750 

1,000 

1,800 

Axial Force (lb) 


600 

500 

800 

Rolling Moment (in-lb) 


6,000 

4,000 

7,500 

Pitching Moment (in-lb) 


22,500 

7,000 

10,000 

Yawing Moment (in-lb) 


9,750 

3,000 

4,500 

Table 2. Summary of thrust conditions utilized during testing. 


C T 

C T /o 

DL, lb/ft 2 



0.004 

0.038 

4.0 



0.006 

0.058 

6.2 



0.008 

0.077 

8.2 



0.009 

0.086 

9.2 



Table 3. Probe rake traverse azimuth, run number and survey schedule for specified rotor height for T613. 


Rotor Height 

C T 

ft z/R 

0=0° 
Run Sch. 

Lp = 180° 
Run Sch. 

ip = 210° 
Run Sch. 

ip = 240° 
Run Sch. 

Lp = 270° 
Run Sch. 

Lp = 300° 
Run Sch. 

Lp = 330° 
Run Sch. 

4.83 0.87 0.006 

0.009 

74 B 

75 B’ 

97 F 

133 G 

98 F' 

134 G' 



84 B 

85 B' 



6.32 1.14 °'°° 4 

0.006 

0.008 

0.009 

68 A 

69 A' 

70 A 

71 A' 


101 D 

102 D 

80 C 

81 C 

82 D 

88 D 1 

89 D 2 
105 D 3 

83 A' 

103 D 

104 D 

8.31 1.50 0.006 

0.009 


99 E 

135 G 

100 E’ 

136 G' 



86 E 

87 E’ 



9.92 1.79 0.006 

0.009 

72 A 

73 A' 

90 E 

137 G 

91 E' 

138 G' 



76 C 

77 C 



11.60 2.09 0.006 

0.009 


92 E 
139 G 

93 E' 
141 G' 



78 C 

79 C 




X' is reverse of specified schedule 

* probe rake raised: 1 - 1 in; 2 - 2 in; 3 - 2.9 in and inverted 
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Traverse Schedule (ctd.) Traverse Schedule 


Table 4. Probe rake traverse survey schedule definition. 


r/R 

A 

B 

C 

D 

E 

F 

G 

H 

r/R 

A 

B 

C 

D 

E 

F 

G 

H 






Figure 1. Wake from a hovering rotor: (a) out of ground effect (OGE); (b) in ground effect (IGE). 
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Figure 2. Thrust augmentation versus non-dimensional rotor height; current test data in orange. 
1 1 .08 ft (2ft) 




Figure 3. Diagram of T613 setup in RTC during probe rake portion. 
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Figure 4. GRMS with ROBIN-Mod7 installed in RTC during T613. 


Figure 5. Rake of multi-hole probes installed on remote traverse. 



Figure 6. T613 test setup during outwash velocity measurement at z/R = 1.14 with cart extension visible 
along forward surface and probe rake traverse at ip = 180° and 2.3 r/R. 
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Ground Static Pressure Ratio, p/DL 


1.25 


1 


0.75 


0.5 


0.25 


0 


- 0.25 


- 0.5 


- 0.75 



Ref. 6, z/R = 0.2, CT = 0.007 

Ref. 6, z/R = 0.5, CT = 0.007 

Ref. 6, z/R = 1.0, CT = 0.007 

Ref. 6, z/R = 2.0, CT = 0.007 

Ref. 9, z/R = 0.44, CT = 0.007, i|> = 0° 

- — •Ref. 9, z/R = 0.44, CT = 0.007, i|> = 120" 
-0 • T613, z/R = 1.50, CT = 0.006 
-El -T613, z/R = 1.79, CT = 0.006 
— T613, z/R = 2.09, CT = 0.006 
-© • T613, z/R = 1.50, CT = 0.009 
-0 -T613, z/R = 1.79, CT = 0.009 
-©-T613, z/R = 2.09, CT = 0.009 


0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 


r/R 


Figure 7. Ground static pressure ratio (p/DL) versus radial location r/R, historical data from Refs. 6 (blue) and 9 

(orange); T613 data obtained at 0 = 270°. 



-0-*CT = 0.004, T589 
-0--CT = 0.006, T589 
-B-CT = 0.006, T613 
-0-CT = 0.008, T589 
• CT = 0.008, T613 
-±-CT = 0.009, T613 


0.5 1 1.5 2 2.5 

z/R 


Figure 8. Percent download versus rotor height ratio (z/R) for multiple heights and thrust conditions for T589 

(dashed) and T613 (solid). 
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Figure 9. Mean non-dimensionalized outwash velocities and velocity vectors at Ct= 0.008 and i/> = 180° for 

different rotor heights. 
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r/R = 1.0 



r/R = 1.25 




■a z/R = 0.87 

a z/R = 1.14 

■B z/R = 1 .50 

■e z/R = 1 .79 

z/R = 2.09 


Figure 10. Mean non-dimensionalized outwash velocity profiles at Ct= 0.008 and i// = 180° at different rotor height 

ratios for radial station indicated. 
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Figure 11. Mean outwash velocities and velocity vectors at z/R = 1.14 and ip = 180° for different rotor thrust 

coefficients. 
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Figure 12. Mean non-dimensionalized outwash velocities and velocity vectors at Ct= 0.008 and z/R = 1.14 at 

different measurement azimuth locations. 
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r/R = 1.6 



□ qj = 180° 

■e nj = 210° 

■e 4 ) = 240° 

■b 14 J = 270° 

4 ) = 300° 

■e Lp = 330° 

■e ip = 360° 


Figure 13. Mean non-dimensionalized outwash velocity profiles with the model at Ct = 0.008 and z/R = 1.14 at 
different measurement azimuth locations for radial station indicated. 
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1.25 1.5 
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Figure 14. Mean radial non-dimensionalized outwash velocities and velocity vectors at ip = 270° with the model at 

Ct = 0.008 and different roll angles and rotor hub heights. 
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h/R 


r/R = 1.0 


r/R = 1.1 


r/R = 1.2 



Figure 15. Mean non-dimensionalized outwash velocity profiles at ip = 270° with the model at Cr= 0.008 and 
different roll angles and rotor hub heights at radial station indicated. 

(p = 0° 
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Figure 16. Mean radial non-dimensionalized outwash velocities and velocity vectors at ip = 270° with the model at 

Ct= 0.008 and z/R = 0.87 and different roll angles. 
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r/R = 1.6 



q> = -10° 
q> = 0° 

ip = 10° 


Figure 17. Mean non-dimensionalized outwash velocity profiles at ip = 270° with the model at Ct= 0.008 and z/R = 
0.87 and different model roll angles at radial station indicated. 
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r/R 



Figure 18. Non-dimensionalized outwash velocities obtained from PIV data from T589 (top) and probe rake data 
from multiple runs during T613, all at hub z/R = 1.140, Ct= 0.008, and i// indicated. 
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Figure 19. Non-dimensionalized outwash velocity profiles obtained from PIV data from T589 (solid lines) and probe 
rake data from T613 (dashed lines, from Run 82) at <// = 270°, Ct = 0.008 and radial station indicated. 
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